Prior studies support a role for mammalian target of rapamycin (mTOR) signaling in oligodendrocyte differentiation and myelination. Here we use Cre-recombinase driven by the CNP promoter to generate a mouse line with oligodendrocyte-specific knockdown of mTOR (mTOR cKO) in the CNS. We provide evidence that mTOR is necessary for proper oligodendrocyte differentiation and myelination in the spinal cord. Specifically, the number of mature oligodendrocytes was reduced, and the initiation and extent of myelination were impaired during spinal cord development. Consistent with these data, myelin protein expression, including myelin basic protein, proteolipid protein, myelin oligodendrocyte glycoprotein, and myelin-associated glycoprotein, was delayed in the spinal cord. Hypomyelination of the spinal cord persisted into adulthood, as did the reduction in numbers of mature oligodendrocytes. In the cortex, the structure of myelin appeared normal during development and in the adult; however, myelin protein expression was delayed during development and was abnormal in the adult. Myelin basic protein was significantly reduced in all regions at postnatal day 25. These data demonstrate that mTOR promotes oligodendrocyte differentiation and CNS myelination in vivo and show that the requirement for mTOR varies by region with the spinal cord most dependent on mTOR.
Introduction
In contrast to the peripheral nervous system where myelination is regulated predominantly by neuregulin, multiple signaling receptors have demonstrated cell-autonomous roles in promoting oligodendrocyte differentiation and/or developmental myelination in the CNS, including insulin-like growth factor type 1 receptor (Ye et al., 2002; Zeger et al., 2007) , fibroblast growth factor receptors-1/2 , and TrkB (Wong et al., 2013) . Downstream of these receptors, the coordinated actions of signaling pathways converge on transcriptional regulators to orchestrate differentiation of the oligodendrocyte progenitor cells (OPCs) and proper axonal myelination. Identifying the precise pathways that regulate the myelination process is important for the treatment of neuropathologies, such as multiple sclerosis. In multiple sclerosis, failure of oligodendrocyte progenitor cells to differentiate and produce new myelin within a demyelinated lesion can reduce myelin repair over time (Franklin, 2002) .
Several investigators have identified the PI3K/Akt pathway as a major regulator of developmental myelination (Flores et al., 2008; Goebbels et al., 2010; Harrington et al., 2010) . A major downstream mediator of PI3K/Akt, the mammalian target of rapamycin (mTOR), has also been implicated in oligodendrocyte differentiation in vitro and in developmental myelination (Narayanan et al., 2009; Tyler et al., 2009 Tyler et al., , 2011 Guardiola-Diaz et al., 2012) . Our initial studies showed that mTOR inhibition of OPCs in vitro blocked the transition from the OPC to the immature oligodendrocyte and decreased cellular morphological complexity, myelin protein expression, and myelination in coculture with DRG axons (Tyler et al., 2009) . We further defined the mTOR-regulated proteome in differentiating oligodendrocytes and determined that mTOR has significant effects in oligodendrocytes on lipid synthesis, transcription factor regulation, and the cytoskeleton (Tyler et al., 2011) , processes that are integral to oligodendrocyte development (for recent review, see Wood et al., 2013) .
Recent studies have begun to elucidate the function of signaling pathways in developmental myelination in vivo. The W.B.M. laboratory initially showed that a constitutively active form of Akt, expressed in oligodendroglia, causes early and enhanced myelination that is mTOR dependent (Narayanan et al., 2009 ). Loss of Erk1/2 in oligodendroglia in vivo revealed essential functions for this pathway in regulating the extent of myelination and myelin maintenance, with no effect on oligodendrocyte differentiation or the onset of myelination (Guardiola-Diaz et al., 2012; Ishii et al., 2012) . Recently, Sherman et al. (2012) demonstrated that a lack of mTOR in Schwann cells results in reduced peripheral myelination, nerve conduction velocity, and overall nerve fiber diameter, independent of an effect on Schwann cell differentiation.
The goal of these studies was to determine the function of mTOR in CNS myelination through oligodendrocyte lineagespecific deletion of mTOR. We show that the onset of myelination as well as myelin thickness are impaired in the mTOR cKO spinal cord. We further show that the differentiation of OPCs is reduced during development and in the adult spinal cord. Interestingly, we observed significant regional diversity of mTOR function in the CNS and propose that the role of mTOR in CNS myelination varies in the brain and spinal cord.
Materials and Methods
Materials. Antibodies for phosphorylated (#4858) and total (#2217) forms of ribosomal protein S6, phosphorylated (#4060), and total (#4691) Akt, as well as total mTOR (#2972) were purchased from Cell Signaling Technology. Cell signaling antibodies were used at 1:1000 for Western blot analysis. Olig2 antibodies were purchased from Millipore (AB9610, 1:250 for immunohistochemistry [IHC] ). Antibodies for myelin oligodendrocyte glycoprotein (MOG) (ab32760, 1:500 for Western blot) and myelin-associated glycoprotein (MAG) (ab89780, 1:1000 for Western blot) were purchased from Abcam. Myelin basic protein (MBP) antibodies from Covance were used (SMI-99, 1:2000) . Proteolipid protein (PLP) and DM20 were detected using the AA3 hybridoma antibody, a gift from W.B.M. The PDGFRϰ antibody was purchased from BD Biosciences PharMingen (#558774, 1:50 for IHC), and the CC1 (adenomatous polyposis coli) antibody was purchased from Calbiochem (OP80, 1:100 for IHC). An antibody to GFP was purchased from Aves Laboratories (GFP-1020, 1:500 for IHC). Ki67 antibodies were purchased from Vector Laboratories (VPK451, 1:500 for IHC). DAPI was purchased from Invitrogen (D1306, 1:5000 for IHC). Additional reagents for staining and processing tissue (chloroform, Triton X-100, phenol/chloroform, and TRIzol) were purchased from Sigma and TissueTek (OCT). Ketamine and xylazine were purchased from Bioniche Pharma and Lloyd, respectively. Cytoseal XYL was purchased from Thermo Scientific.
Animal care and breeding. All mouse protocols were conducted in accordance with the guidelines set forth by Rutgers University and the National Institutes of Health. Mice were housed in a barrier facility with a 12/12 light/dark cycle. Mice carrying a floxed-mTOR allele (Mtor tm1.1Clyn ) were obtained from Dr. Christopher Lynch (Pennsylvania State College of Medicine, Hershey, PA) (Lang et al., 2010a, b; Carr et al., 2012) . The floxed-mTOR mice were bred with a dual-reporter mouse line (B6.129(Cg)-Gt(ROSA)26Sortm4
(ACTB-tdTomato,-EGFP)Luo /J, The Jackson Laboratory). These mice contain the mTmG reporter, which globally expresses tomato red, and, in cells with active Cre recombise, express GFP. CNP-Cre mice were obtained from K. Nave (Lappe-Siefke et al., 2003) . All strains were on a C57/Bl/6 background. Mice homozygous for mTOR floxed-and mT/mG reporter alleles and heterozygous for CNPCre were used for breeding to generate Cre ϩ or Cre Ϫ littermates for experiments. The resultant mTOR fl/fl mice expressing Cre (Cre ϩ/Ϫ ) are hereafter referred to as mTOR cKO with mTOR fl/fl /Cre Ϫ/Ϫ littermates used as controls. Both males and females were used in all analyses.
Tissue preparation and immunofluorescence. Tissues were perfused or drop-fixed depending on age. For animals postnatal day (PND)14 and younger, animals were rapidly decapitated, brains and spinal cords were removed and stored in 3% PFA overnight. Tissue was then changed to 30% sucrose for dehydration. Once dehydrated, tissues were blocked and frozen in OCT on dry ice/ethanol and stored at Ϫ80°C. For animals P25 and older, animals were deeply anesthetized with a 6:1 ketamine:xylazine mixture. A transcardial perfusion was performed first with RPMI containing 50 U/1 L heparin (Hospira) and then 3% PFA for 5 min. The brains and spinal cords were removed and stored in 3% PFA overnight. Tissue was then dehydrated and frozen as for younger tissues.
For immunofluorescence, 12 m cryosections were mounted and frozen at Ϫ80°C before use. Slides were thawed for 10 min, washed in TBS, and incubated in 50 mM ammonium chloride for 30 min at room temperature. For CC1 staining, antigen retrieval was performed before permeabilization. Slides were microwaved 3 ϫ 40 s in 10 mM sodium chloride on medium power, with 25 min in between microwaving. Sections were permeabilized in 10% Triton X-100/2% goat serum for 30 min at room temperature. Sections were then incubated in TGB superblock for 1 h at room temperature. Primary antibody was added to TGB diluent and incubated overnight at 4°C in a humid chamber. Primary antibodies included Olig2, adenomatous polyposis coli (CC1), PDGFR␣, and GFP used at conditions described above. After primary incubation, slides were washed in 0.05% Triton X-100 in TBS (T-Buffer) 3 ϫ 10 min followed by a single 5 min wash in TBS. Sections were then incubated in AlexaFluor secondary antibodies (Invitrogen, 1:750) for 2 h at 37°C in a humid chamber. Slides were once again washed 3 ϫ 10 min in T-Buffer and 1 ϫ 5 min in TBS. For DAPI staining, sections were incubated with DAPI for 15 min, and then slides were washed again 2 ϫ 5 min in TBS. Slides were then coverslipped with Fluorogel (EMS).
Lineage cell counts. At least five animals per genotype were used to examine lineage marker expression for PND14. Three animals per genotype were used to examine lineage marker expression at 8 weeks. In the spinal cord, cells were counted on three or more nonadjacent rostral sections and three or more nonadjacent caudal sections totaling a minimum of six sections counted per animal. The 20ϫ pictures were taken of the dorsal and ventral white matter. In the brain, three or more nonadjacent sections were counted per animal, and 20ϫ pictures were taken of the medial, mediolateral, and lateral corpus callosum. Counts were statistically compared using Student's t test.
Protein isolation and Western blot analysis. Mice were rapidly decapitated, and the tissue of interest was removed. Mice that were older than PND14 were deeply anesthetized with a 3:1 ketamine/xyline mixture before decapitation. The brain was dissected into cortical, subcortical, and cerebellar regions. All tissues were immediately frozen in dry ice/ ethanol and stored at Ϫ80°C. To isolate protein, tissue was homogenized in 500 l of lysis buffer. Lysis buffer contains 10 mM HEPES, pH 8.0, 150 mM NaCl, 0.02% sodium azide, 0.1% SDS, 1% NP40 (IgepalCA 630 Sigma), 0.5% deoxycholic acid, 50 mM NaF, 0.2 mM PMSF, and 1:100 dilution protease inhibitor mixture (Sigma). Protease and phosphatase inhibitors were added to lysis buffer stock solution immediately before use. Once tissue was homogenized, it was allowed to rest on ice for 30 min (vortexed briefly after 15 min). Tissue was centrifuged for 10 min at 14,000 ϫ g at 4°C and supernatant collected. Protein concentrations were determined using the DC protein assay (Bio-Rad). DTT was added to 30 g of protein (final concentration 0.07 M); samples were then boiled for 5 min and separated by SDS-PAGE as previously described (Tyler et al., 2009) .
RNA isolation and RT-PCR analysis. Tissues were harvested and frozen in the same manner as for protein analysis. For RNA isolation, tissues were homogenized immediately in 1 ml of TRIzol reagent (Invitrogen). RNA was isolated according to the TRIzol protocol provided by Invitrogen. RNA concentration was measured using a NanoDrop spectrophotometer (Thermo Scientific); 1.5 g of RNA was used to reverse transcribe cDNA using Superscript II (Invitrogen). Spinal cord RNA was further purified using chloroform (Sigma) and precipitated with sodium acetate.
Concentrations of cDNA were determined by spectrophotometry, and working aliquots were stored at Ϫ20°C before RT-PCR. For RT-PCR, 100 ng of cDNA was used as a template in reactions containing 1ϫ SYBR Green detection master mix and 1ϫ Quantitect primer mix to detect the mRNA levels of MBP, PLP, MOG, MAG, and MRF (QIAGEN). Amplification was normalized to expression levels of ␤-actin (IDT) for each sample. RT-PCR was performed on the Applied Biosystems 7900B and (7500) using the associated Sequence Detection System Version 2.2.2 and (2.0.1). The thermal reaction profiles were performed as previously described (Tyler et al., 2009) .
Analysis of recombination. Spinal cords were isolated and frozen in the same manner as for protein and RNA isolation. Tissues were homogenized in a 50:50 solution of phenol and chloroform; 200 l TE (10 mM Tris-HCl, 1 mM EDTA) was added to bring the solution up to a working volume. Homogenized tissues were centrifuged at 14,000 rpm for 1 min at room temperature. The aqueous phase was transferred to a fresh tube, and an equal volume of phenol chloroform was added. This process was repeated until there was no visible protein at the interface between the organic and aqueous phases after centrifugation. An equal volume of chloroform was added to the aqueous phase, and the solution was spun again at 14,000 rpm for 1 min at room temperature. The chloroform wash was repeated until there was no interphase. DNA was recovered by precipitation with sodium acetate and ethanol. DNA was resuspended in TE, and the purity was determined using a spectrophotometer. Utilizing the same primers used for genotyping (IDT), 2 PCRs were set up to amplify floxed alleles and recombined alleles as previously described (Carr et al., 2012) .
Tissue preparation and electron microscopy (EM). Animals were anesthetized and transcardially flushed with RPMI:heparin (described above), followed by perfusion with 4% PFA, 2% glutaraldehyde in PBS. Brains and spinal cords were removed and stored in additional fixative before processing. Corpus callosum was isolated from 1 cm coronal slices Figure 1 . mTOR expression is reduced in the mTOR cKO. A, GFP reporter expression induced by active Cre recombinase in white matter at PND7, PND14, and 8 weeks. B, Images of individual recombined (GFP ϩ , green), Olig2 ϩ (blue) cells (i,ii), and nonrecombined (Tomato Red ϩ ) Olig2 ϩ (blue) cells (i) at PND7 in the corpus callosum of the mTOR cKO. C, PCR products amplified from PND14 spinal cord genomic DNA showing the floxed-mTOR (fl-mTOR) and the recombined-mTOR (recom-mTOR) alleles. D-F, Representative Western blots and quantification of mTOR, Phospho: total S6 ribosomal protein, and Phospho:total Akt expression in PND14 spinal cord. Blue bars represent PND14 mTOR cKO. G-K, Representative Western blots and quantification of mTOR, P-S6, total S6, P-Akt, and total Akt expression in PND25 spinal cord. Green bars represent PND25 mTOR cKO. Quantifications are expressed as percentage control, with the exception of the ratio of Phospho:total S6 and Phhospho:total Akt at PND14. Scale bars: A, 100 m; B, 50 m. All statistical comparisons were conducted with a Student's t test. *p Ͻ 0.05. of brain between Ϫ0.94 and Ϫ2.18 of bregma (Franklin and Paxinos, 2008) . Spinal cords were cut into 1 mm coronal sections through the cervical enlargement. All tissue was postfixed in 1% osmium, dehydrated in graded acetone, and resin embedded in Embed 812 (EMS) using a Pelco Biowave Pro Tissue processor (Ted Pella). The corpus callosum pieces were oriented such that sections could be cut midline in a sagittal plane. Spinal cord pieces were oriented such that sections could be cut in a transverse plane. Ultrathin sections (80 nm) were mounted on copper grids and stained with uranyl acetate and lead citrate and viewed at 80 kV on a Technai G2 transmission electron microscope (FEI).
EM analyses were performed on three animals per genotype; a minimum of 200 myelinated axons was counted per animal. The g-ratio of axons was obtained by determining the ratio of the circumference of the axon alone to the circumference of the fiber (axon and myelin). The circumference of all visible axons was measured, regardless of myelination. In addition, the numbers of myelinated and unmyelinated axons were counted.
Results

mTOR expression is reduced in the mTOR cKO mouse
To selectively remove mTOR from oligodendrocytes in the CNS, we generated mTOR cKO mice as described in Materials and Methods. These mice were viable, able to reproduce, and exhibited no visible phenotype (seizures or shaking). mTOR cKO mice were produced at expected Mendelian ratios and had normal lifespans. GFP reporter expression, driven by active Cre recombinase, was examined in mTOR cKO mice beginning at day 7 in the brain (Fig. 1 A, B) . GFP expression increased from 7 d to 14 d in white matter areas of the brain (Fig. 1A) . At 7 d, there were Olig2 ϩ oligodendrocytes within the corpus callosum that were nonrecombined (Fig. 1Bi) as well as Olig2 ϩ cells that were recombined (Fig. 1Bii) . Cells of both simple and complex branched morphology expressed GFP, but all were Olig2 ϩ . The majority of cells in white matter tracts expressed GFP by PND14 (Fig. 1A) . Robust GFP expression persisted into adulthood and was observed at all time points examined, indicating active Cre recombinase in the majority of cells in the white matter tract from PND14 through adulthood.
To further characterize recombination of the mTOR alleles in the mTOR cKO, genomic DNA was isolated from spinal cords of PND14 mice and used for PCR amplification to detect either the floxed-mTOR allele or the recombined allele (Fig. 1C) . The nonrecombined floxed allele amplified from DNA isolated from both control mice and mTOR cKO (Fig. 1C, top band) as expected because the spinal cord isolates contained neurons and other glial cell types. Primers designed to amplify the recombined allele produced a band in DNA isolated from the mTOR cKO spinal cords but not in control spinal cords (Fig. 1C, bottom) . These data confirmed recombination of the mTOR allele in the mTOR cKO. mTOR protein expression was reduced but not significantly decreased in the spinal cord at PND14 (Fig. 1D) , consistent with the presence of nonrecombined neurons and other glial cell types in the spinal cord. Phosphorylation of ribosomal protein S6, a downstream target of the mTORC1 complex, was also reduced in the mTOR cKO spinal cords at PND14, although, as with mTOR, this reduction did not reach statistical significance ( Fig. 1E ; p ϭ 0.09). Phosphorylated Akt at serine 473, a target of mTORC2, was unchanged in the spinal cord at PND14 (Fig. 1F ) .
At PND25, mTOR protein expression was significantly reduced in the spinal cord, despite neuronal contamination ( Fig.  1G ; p ϭ 0.02). Phosphorylation of S6 was reduced but not statistically significant ( Fig. 1H ; p ϭ 0.07); however, total S6 protein expression was significantly reduced at this time point ( Fig. 1I ; p ϭ 0.05). Unlike PND14, the phosphorylation of Akt at Ser473 was moderately decreased in the PND25 spinal cord ( Fig. 1J ; p ϭ 0.06). The total levels of Akt were unchanged in the PND25 spinal cord (Fig. 1K ) . These results provide evidence for mTOR deletion in the CNS of the mTOR cKO and support the conclusion that signaling of both mTORC1 and mTORC2 is affected.
A lack of mTOR in oligodendrocytes results in hypomyelination of the spinal cord
We have previously shown that the ability of oligodendrocytes to produce myelin is impaired in oligodendrocytes when mTOR is inhibited in vitro (Tyler et al., 2009 ). To investigate whether myelination was impaired in the mTOR cKO, we examined spinal cords by EM. Myelinated axons of the spinal cord in the mTOR cKO had significantly thinner myelin at PND14 (Fig. 2A) . The extent of myelination, quantified by determining g-ratios, confirmed these findings (g-ratio control ϭ 0.77, g-ratio mTOR cKO ϭ 0.83; p ϭ 0.01). A representative scatter plot (Fig. 2B) shows the distribution of g-ratios as a function of axon diameter for a representative control and mTOR cKO. The cluster of data points with a g-ratio of 1 indicates unmyelinated axons. The myelination that did occur appeared normal, although thin, with compact loops and an intact periaxonal collar ( Fig. 2A, arrow) .
We then examined whether or not the deficit in myelination during development persisted in the adult CNS. The extent of myelination at 8 weeks remained impaired; the mTOR cKO spinal cords had a significantly larger g-ratio than control (g-ratio control ϭ 0.73, g-ratio mTOR cKO ϭ 0.82; p ϭ 0.003; Fig. 2D , representative scatter plot). As for PND14, the structure of the myelin that formed appeared normal.
Initiation of myelination is impaired in the mTOR cKO spinal cord
The EM analyses suggested the mTOR cKO had fewer myelinated axons, particularly at PND14 (Fig. 2A) . Thus, we quantified the percentage of unmyelinated axons in the spinal cord (Fig. 3) . In the control spinal cord, 11% of axons were unmyelinated at PND14. In contrast, 52% of axons were unmyelinated in the spinal cord of the mTOR cKO ( p ϭ 0.0003). Oligodendrocytes in the CNS myelinate axons with larger diameters first during development (Baumann and Pham-Dinh, 2001 ). When the percentage of myelinated axons was analyzed by axon diameter, we saw a clear deficit in percentage of myelinated axons of diameters Յ1.0 m (p Յ 0.02, two-way ANOVA, Tukey's HSD) (Fig. 3A) . We found no difference in the diameter of unmyelinated or myelinated axons ( p ϭ 0.1 for both genotypes). At 8 weeks of age, there was no significant difference in the percentage of myelinated axons at any specific diameter in the spinal cord (Fig. 3B) ; however, the average diameter of an unmyelinated axon was significantly larger in the mTOR cKO than in the control ( p ϭ 0.03), which suggests that some deficit in myelin initiation persisted into the adult.
Myelin protein expression is altered in the mTOR cKO spinal cord
The EM analyses indicated deficits in spinal cord myelination with loss of mTOR in oligodendrocytes. To determine effects on specific myelin proteins, we examined expression of specific myelin proteins in the spinal cord at PND14, PND25, and 8 weeks. We first examined the major myelin proteins MBP and PLP. In the mTOR cKO spinal cord, MBP protein expression appeared reduced at all time points examined, but the reduction was significant only at PND25 and 8 weeks ( Fig. 4B ; p Յ 0.03). mRNA expression was examined at PND14 and 8 weeks. MBP mRNA expression was not significantly changed at either time (Fig. 4A) . In contrast, the mRNA transcript for PLP/DM20 was significantly reduced at both time points examined ( Fig. 4C ; p Ͻ 0.001). Protein expression of PLP and its splice variant DM20 were reduced at PND14 ( Fig. 4D ; p Յ 0.01), consistent with the reduction in mRNA at this time. In contrast to the mRNA expression, levels of both PLP and DM20 proteins had recovered to control levels by PND25 and remained comparable with control levels at 8 weeks (Fig. 4D) .
MOG, a minor component of myelin that is expressed later in development, was significantly reduced at both the mRNA (Fig.  4E) and protein (Fig. 4F ) levels at PND14 ( p Յ 0.02). At PND 25, MOG-protein in the mTOR cKO was no longer significantly different than control levels (Fig. 4F ) . At 8 weeks, MOG mRNA and protein expression in the mTOR cKO were comparable with control levels (Fig. 4 E, F ) . mRNA expression of MAG, another minor component of myelin with a role in myelin compaction, was unaffected in the mTOR cKO at PND14; however, MAG mRNA was significantly increased in the spinal cord at 8 weeks ( Fig. 4G; p ϭ 0.03) . Despite the increased MAG mRNA at 8 weeks, MAG expression was not significantly altered at any time point examined (Fig. 4H ) . Together, these data indicate that mTOR has differential effects on expression of myelin proteins, with the most pronounced deficits seen in PLP/DM20 and MOG during development in the mTOR cKO. Expression of most myelin proteins recovered by 8 weeks, with the exception of MBP expression.
Oligodendrocyte differentiation is impaired in the mTOR cKO spinal cord during development
The analyses of myelination presented above revealed a deficit in the initiation and extent of myelination in the spinal cord as well as a developmental delay in expression of specific myelin proteins. Our prior studies and the work of others showed that either pharmacological inhibition or knockdown of mTOR blocked the differentiation of oligodendrocytes at various stages in vitro (Tyler et al., 2009; Guardiola-Diaz et al., 2012) . To determine whether the observed effects on myelination were a consequence of impaired differentiation, we analyzed expression of PDGF-receptor ␣ (PDGFR␣), a marker of early OPCs (Richardson et al., 2000; Spassky et al., 2000) and of the adenomatous polyposis coli (also known as CC1) protein, used to identify mature oligodendrocytes Lytle et al., 2009; Fancy et al., 2011) , in relation to total numbers of oligodendroglia (Olig2 ϩ cells). Overall, the total number of Olig2 ϩ cells did not change between control and mTOR cKO spinal cord at PND14 (Fig. 5A , quantified in Fig. 5B ). This indicates that the lack of mTOR had no effect on the total number of oligodendrocytes present in the developing spinal cord. Moreover, there was no change in the number of Olig2 ϩ cells that were PDGFRϰ ϩ (Fig.  5A , quantified in Fig. 5C ). However, there was a significant decrease in the number of Olig2 ϩ cells that were CC1 ϩ (Fig. 5A , quantified in Fig. 5D ; p ϭ 0.02).
To assess whether proliferation of the OPCs at any stage was altered in vivo by loss of mTOR, we coimmunostained for the proliferation marker Ki67 with Olig2. There was no difference in the number of Ki67 ϩ /Olig2 ϩ cells in the control versus mTOR cKO (control, 3.6 Ϯ 0.36; vs mTOR cKO, 3.7 Ϯ 0.42, p ϭ 0.9) at PND14. These analyses support the hypothesis that mTOR is not required for OPC proliferation but that it regulates oligodendrocyte differentiation in the spinal cord at PND14.
A deficit in mature oligodendrocytes in the mTOR cKO persists in adult spinal cord
Oligodendrocyte differentiation was impaired during the development of the mTOR cKO spinal cord. Although myelin protein expression, with the exception of MBP (Fig. 4B) , as well as the percentage of myelinated axons (Fig. 3B ) recovered in the adult mTOR cKO spinal cord, it is possible that the reduction in mature oligodendrocytes persisted. To address this possibility, we quantified the number of CC1 ϩ cells in adult spinal cord sections (Fig. 6A) . The average number of cells within the white matter that were CC1 ϩ was lower in the mTOR cKO than in the control animals (78 CC1 ϩ /DAPI ϩ cells/section in control vs 58 CC1 ϩ /DAPI ϩ in mTOR cKO, p Ͻ 0.01; Fig. 6B ). These data suggest that the effect of mTOR loss on oligodendrocyte differentiation was not compensated for by another mechanism.
The role of mTOR in the brain
To determine whether the decreased oligodendrocyte differentiation and reduced myelination observed in the spinal cord persisted in the brain, we examined cerebellum and cortex of mTOR cKO mice. Because myelination occurs later in the brain than in the spinal cord (Foran and Peterson, 1992; Baumann and PhamDinh, 2001 ), we examined PND14 to determine myelin protein expression at the onset of myelination, as well as PND25 to examine the expression at the peak of myelination. Similar to the spinal cord analyses, we examined brains at 8 weeks to determine the effects of the mTOR cKO in the adult. (A, B) , PLP/DM20 (C, D), MOG (E, F ), and MAG (G, H ) in isolated spinal cord at the onset of myelination (PND14) and in the adult (8 weeks). Representative blots at each time point are shown for protein expression. mRNA analyses were performed on n ϭ 6/group from at least two independent litters. Protein analyses were performed on n ϭ 9/group from at least two independent litters. All quantifications are expressed as percentage control Ϯ SE. *p Յ 0.05.
MBP mRNA levels in the cerebellum of the mTOR cKO were not significantly altered at any time point in the mTOR cKO (Fig.  7A) . MBP protein was reduced during development by 50% at both PND14 and PND25 ( p Ͻ 0.01) but recovered in the adult ( p ϭ 0.69) (Fig. 7B) . PLP/DM20 mRNA expression was reduced at PND14 and at 8 weeks ( Fig. 7C ; p ϭ 0.02 at PND14, p ϭ 0.08 at PND25, and p ϭ 0.05 at 8 weeks). PLP protein was reduced during development by 60% ( p ϭ 0.04 at PND14 and p Ͻ 0.01 at PND25) but, like MBP, was comparable with control levels in the cerebellum at 8 weeks (Fig. 7D ). DM20 protein expression was reduced during development and remained reduced in the adult (PND14 p Ͻ 0.05, p ϭ 0.07 at PND25, 8 weeks p Ͻ 0.005; Fig.  7D ). Overall, the major myelin proteins were expressed at lower levels in the mTOR cKO cerebellum during development, like the spinal cord. Unlike the spinal cord, both MBP and PLP expression recovered in the adult. The effect of mTOR loss on mRNA expression of major myelin proteins MBP and PLP was similar in the cerebellum and the spinal cord. The reduction of DM20 in the mTOR cKO at 8 weeks was unique to the cerebellum (Fig. 7D) .
The effect of mTOR deletion on MOG expression was less severe in the cerebellum than in the spinal cord; MOG mRNA levels were unaffected at any time point (Fig. 7E) , and MOG protein levels were moderately reduced at PND14 and significantly reduced at PND25 ( Fig. 7F ; p ϭ 0.07 at PND14, p ϭ 0.01 at PND25). MAG mRNA levels were unaffected in the mTOR cKO cerebellum during development and showed a trend to increase at 8 weeks (Fig. 7G) . MAG protein expression was decreased ( p Ͻ 0.01) at PND25. This decrease persisted and at 8 weeks (30% reduction, Fig. 7H ; p ϭ 0.04).
Consistent with the more posterior CNS regions, MBP mRNA was unaltered in the cortex of the mTOR cKO (Fig. 8A) . MBP protein expression also was comparable with the expression profile in the cerebellum and the spinal cord with a moderate (ϳ50%) reduction at PND14 and PND25 ( Fig. 8B ; p ϭ 0.07 at PND14 and p ϭ 0.03 at PND25). The reduction in MBP protein levels at PND25 was the only myelin protein reduction that was consistent across all regions examined. Like the cerebellum, MBP protein expression in the mTOR cKO resembled control expression at 8 weeks (Fig. 8B) . PLP/DM20 mRNA was moderately reduced (ϳ40%, p ϭ 0.06) at 8 weeks. Unlike the cerebellum and the spinal cord, PLP/DM20 mRNA levels were unchanged during development in the cortex of the mTOR cKO (Fig. 8C) . PLP was comparable with control at PND25 and increased in the adult cortex of the mTOR cKO ( p ϭ 0.02) of the cKO (Fig. 8D, top) . Expression of DM20 (Fig. 8D, bottom) was not significantly affected at any time point.
MOG mRNA and protein expression were more strongly inhibited in the mTOR cKO cortex compared with the cerebellum (Fig. 8 E, F ) . mRNA expression was moderately reduced at PND25 ( p ϭ 0.07). This mirrored the expression in the mTOR cKO spinal cord where MOG mRNA was reduced during development but recovered to control levels in the adult. MOG protein was reduced at PND25 ( p ϭ 0.07) and remained moderately reduced at 8 weeks ( Fig. 8F ; p ϭ 0.08). MAG mRNA expression appeared elevated at all time points and reached statistical significance at 8 weeks in the mTOR cKO ( Fig. 8G ; p ϭ 0.01). Unlike the mRNA expression, MAG protein expression was significantly reduced at 8 weeks ( Fig. 8H ; p ϭ 0.03). The reduction in MAG protein in the cortex was consistent in the brain and trended across the CNS of the mTOR cKO. The increase in MAG mRNA in the cortex was also recapitulated in the spinal cord.
Overall, the expression of major myelin proteins was altered during development in the mTOR cKO brain. At the mRNA level, the effects on the PLP/DM20 transcript were most severe with the transcript expression not reaching control levels in the adult. The major myelin proteins all recovered to control levels in the brain of the mTOR cKO by 8 weeks, which was distinct from MBP protein expression in the spinal cord where it remained significantly reduced at 8 weeks. PLP expression was elevated in the cortex at 8 weeks, also unique to this region. MOG expression was delayed in all structures examined; mRNA and protein expression was comparable with control in all regions by 8 weeks, except the cortex. MAG expression was most consistently affected at 8 weeks across the three regions with the transcript reduced and the protein elevated. The only persistent defect in myelin protein expression in the cortex and cerebellum of the adult was a deficit in MAG protein expression (Figs. 7H and 8H ). MAG is a cell-cell adhesion protein that functions in axonaloligodendrocyte contact and the maintenance of the periaxonal collar (Biffiger et al., 2000; Baumann and Pham-Dinh, 2001 ). The regulation of myelin protein expression varied in all regions of the CNS examined. The only consistent reduction across the CNS was that of MBP at PND25. We examined the structure of myelin and the differentiation of OPCs in the corpus callosum to determine whether they were altered in the same manner as seen in the mTOR cKO spinal cord. EM of the corpus callosum at PND14 (Fig. 9A , left) and 8 weeks (Fig. 9A, right) revealed no difference in the structure or extent of myelination. At PND14, we observed axons with compact myelin and intact periaxonal collar in both the control and the mTOR cKO. No myelin abnormalities were observed in the mTOR cKO, and at 8 weeks the extent of myelination was indistinguishable between the control and the mTOR cKO in the corpus callosum (Fig. 9) .
Although no deficits were observed in myelin thickness or initiation of myelination in the corpus callosum, the delay in myelin protein expression observed in the cortex and the cerebellum (deficits in protein expression at PND14 and PND25; Figs. 7 and 8) could be the result of a delay in differentiation, similar to what was seen in the spinal cord (Fig. 5B) . To determine whether differentiation was delayed in the corpus callosum, the numbers of immature (PDGFRϰ ϩ /Olig2 ϩ ) and mature (CC1 ϩ /Olig2 ϩ ) cells were determined at PND14. The total number of Olig2 cells was unchanged (Fig. 9C) . The percentage of PDGFRϰ ϩ /Olig2 ϩ cells also was unaffected by loss of mTOR (Fig. 9D) . Interestingly, the percentage of CC1 ϩ /Olig2 ϩ was significantly increased in the corpus callosum at PND14 ( p ϭ 0.01; Fig. 9E ).
Discussion
In the current study, we established an oligodendrocyte-specific knockdown of mTOR in the CNS to examine the role of mTOR in oligodendrocyte differentiation and myelination. We determined that mTOR promotes oligodendrocyte differentiation, initiation of myelination, and myelin thickness in the spinal cord. In contrast, mTOR is not essential for myelination in the brain; however, the expression of individual myelin proteins is delayed during development and abnormal in the adult cerebellum and cortex. This suggests that, although not essential for proper myelination, mTOR does have a role in the expression of myelin proteins in the brain in addition to its essential functions for proper myelination in the spinal cord.
The most pronounced phenotype we observed from deletion of mTOR in oligodendrocytes was in the spinal cord. In this region, there was a deficit in the number of mature oligodendrocytes during development that persisted into adulthood. This deficit was not the result of changes in the number of cells of the oligodendrocyte lineage as a whole. This suggests that mTOR has an essential role in oligodendrocyte differentiation that is unable to be compensated for in the spinal cord and is consistent with our prior in vitro data (Tyler et al., 2009) . The block in differentiation by lack of mTOR in vivo coincided with a delay in the onset of myelination in the spinal cord. Although this suggests that the myelination delay was a consequence of impairment in differentiation, it does not rule out an independent effect of mTOR on the initiation of myelination. The existence of a separate effect on myelination in the CNS is supported by studies on the role of mTOR during development of the peripheral nervous system. Loss of mTOR in Schwann cells also resulted in delayed myelination and thinner myelin but had no effect on Schwann cell differentiation (Sherman et al., 2012) . Additional work to separate the effects of mTOR on oligodendrocyte differentiation and myelination initiation are needed to definitively delineate these two potential functions.
Although there was no difference in the percentage of myelinated axons at 8 weeks of age, indicating recovery from the initiation deficit observed at PND14, the size of unmyelinated axons was slightly but significantly larger in the mTOR cKO adult. This indicates that a greater number of large-diameter axons in the mTOR cKO spinal cord remain unmyelinated. This suggests a persistent deficit in the initiation of myelination because largediameter axons are myelinated first and if initiation had completely recovered, there would be no difference in the distribution of axon diameters that were myelinated between the control and the mTOR cKO. Additionally, the persistence of thinner myelin in the adult spinal cord, as shown by EM and g-ratio analysis, suggests a role for mTOR in the extent of myelination that is independent of its function in myelin initiation. Therefore, both the initiation and extent of myelination are impaired in the spinal cord when mTOR is inhibited; and although there is significant recovery in initiation, neither process is complete without mTOR signaling.
Interestingly, although the expression of several myelin proteins was reduced at PND14, most of the myelin proteins had recovered to control levels by 8 weeks, with the exception of a 30% reduction in MBP protein. It is thus unlikely that deficits in myelin protein account for the persistence of the hypomyelination phenotype in the adult spinal cord. It is possible that mTOR regulates other important mechanisms underlying myelination, such as cholesterol synthesis or proper trafficking of myelin proteins. We have recently shown that mTOR regulates key cholesterol synthesis and cytoskeletal proteins in vitro (Tyler et al., 2011) . The recovery in myelin protein expression does suggest that the levels of myelin proteins are higher per cell because of fewer mature oligodendrocytes in the adult mTOR cKO spinal cord. The increased demand on each mature oligodendrocyte could result in the hypomyelination phenotype in the adult because they cannot generate the appropriate amount of my- , and MOG (E, F ) in isolated cerebellum of control and mTOR cKO mice at PND14, PND25, and 8 weeks. Representative blots at each time point are shown for protein expression. mRNA analyses were performed on n ϭ 6/group from at least two independent litters. Protein analyses were performed on n ϭ 9/group from at least two independent litters. All quantifications are expressed as percentage control Ϯ SE. *p Յ 0.05.
elin to compensate for the reduction in total number of mature cells. The effects of the mTOR cKO were distinct and less severe in the brain than in the spinal cord. However, one consistent effect across the CNS was the abnormal expression of myelin proteins in the mTOR cKO. Like the spinal cord, the expression of myelin proteins in cortex and cerebellum was reduced during development, but to a lesser degree. The expression of myelin proteins in the adult remained abnormal, with a significant increase in PLP and a decrease in MOG. However, the structure of the myelin in (A, B) , PLP/DM20 (C, D), MOG (E, F ), and MAG (G, H ) in isolated cortex of control and mTOR cKO mice at PND14, PND25, and 8 weeks. Representative blots at each time point are shown for protein expression. mRNA analyses were performed on n ϭ 6/group from at least two independent litters. Protein analyses were performed on n ϭ 9/group from at least two independent litters. All quantifications are expressed as percentage control Ϯ SE. *p Յ 0.05. brain, the dorsal source predominates in the adult brain. In contrast, whereas ventral and dorsal sources produce OPCs in the spinal cord, the ventral sources predominate in the adult. It remains to be determined whether the different populations of oligodendrocytes in the brain and spinal cord rely on the same extracellular and intracellular pathways for their development. In the spinal cord, there is evidence for different receptivity to PDGF in the ventral and dorsal populations of OPCs (Fruttiger et al., 1999) . It is possible that the dorsal-derived OPCs in the brain depend less on mTOR signaling for their development than the ventral-derived OPCs in the spinal cord.
The exact mechanisms for how mTOR regulates oligodendrocyte differentiation, myelin protein expression, and myelination remain to be determined. The W.B.M. laboratory has recently investigated the role of each mTOR complex in the CNS by creating oligodendrocyte specific knock-outs of raptor and rictor (the integral components of mTORC1 and mTORC2, respectively) (Bercury et al. 2014) . The loss of raptor or rictor resulted in impaired myelin protein expression during development. Loss of raptor had a more dramatic effect on myelination and oligodendrocyte differentiation than the loss of rictor. Like the mTOR cKO, the effects on oligodendrocyte differentiation and myelination were more pronounced in the spinal cords of the raptor and rictor cKOs, and the changes in myelin protein expression varied by region. However, the most consistently effected protein across all regions was MBP, similar to what we found in the mTOR cKO at PND25. This suggests that the regulation of MBP by mTOR is through mTORC1. Moreover, these data further support the hypothesis that the distinct phenotypes observed in the mTOR and raptor cKOs in spinal cord and brain are the result of true regional differences and not a temporal effect of the gene deletion.
Overall, the phenotype of the raptor cKO most closely resembled the mTOR cKO, suggesting that the mTORC1 complex is more responsible for the effects seen in the mTOR cKO. One major difference in the phenotypes of these two cKOs is the dysmyelination observed in the raptor cKO but not in the mTOR cKO. Thus, the presence of rictor/mTORC2 in the raptor cKO may actually accentuate the raptor cKO phenotype in some aspects. It is also the case that some deficits in myelin protein expression appeared more dramatic with loss of either raptor or rictor than for loss of mTOR in oligodendrocytes. This raises the possibility that raptor and/or rictor can function at least partially in the absence of mTOR in oligodendroglia, as has been demonstrated in other cell types. For example, raptor can complex with transcription factors in muscle to regulate mitochondrial gene transcription (Cunningham et al., 2007) , and rictor can interact with integrin-linked kinase independent of mTOR to stimulate phosphorylation of Akt at Ser473 (McDonald et al., 2008) . Finally, the regional variability observed in all three knock-out models furthers the hypothesis that multiple pathways regulate developmental myelination in the CNS. In particular, compensatory mechanisms seem more effective in the cortex than in the spinal cord. Whether this is the result of a different population of OPCs or the actions of another signaling pathway remains to be determined. It is perhaps most striking that all three cKOs in the mTOR pathway (mTOR, raptor, and rictor) have deficits in oligodendrocyte differentiation, a phenotype not observed in the ERK1/2 models. Further work into the mechanisms of mTORmediated oligodendrocyte differentiation and myelination and actions of the two mTOR signaling complexes in vivo may elucidate essential functions for each molecule, how the two complexes cross-regulate each other, and how other pathways function in CNS myelination.
